We investigate the mass-shift of P -wave charmonium (χ c0 , χ c1 ) and S and P -wave bottomonium (η b , Υ, χ b0 and χ b1 ) states in magnetized hot asymmetric nuclear matter using the unification of QCD sum rules (QCDSR) and chiral SU (3) model. Within QCDSR, we use two approaches, i.e., moment sum rule and Borel sum rule. The magnetic field induced scalar gluon condensate αs π G a µν G aµν and the twist-2 gluon operator αs π G a µσ G a ν σ calculated in chiral SU (3) model are utilised in QCD sum rules to calculate the in-medium mass-shift of above mesons. The attractive mass-shift of these mesons is observed which is more sensitive to magnetic field in high density regime for charmonium, but less for bottomonium. These results may be helpful to understand the decay of higher quarkonium states to the lower quarkonium states in asymmetric heavy ion collision experiments.
I. INTRODUCTION
To understand the confinement nature of QCD, the study of the spectral property of quarkonia in hot and dense asymmetric hadronic matter is very imperative. The in-medium properties of excited charmonium states (χ c and ψ) and open charm mesons (D andD), can alter the J/ψ production rate and its suppression in non-central heavy ion collisions [1, 2] .
The suppression mechanism suggested by Matsui and Satz cannot fully explain the recent experimental data which shows nontrivial suppression [3] [4] [5] . Therefore, to understand the additional suppression mechanism various other methods such as density dependent suppresion and comover scattering have been proposed [3, 6, 7] . In addition to temperature and density, it is believed that in non-central heavy ion collisions such as Large Hadron Collider (LHC) and Relativistic Heavy Ion Collider (RHIC) immense magnetic field is produced and are approximated to be the order of eB ∼ 2 − 15m 2 π (1m 2 π = 2.818 × 10
18 gauss) [8] [9] [10] . The decay of magnetic field does not occur immediately due to its interaction with the residual matter which is called chiral magnetic effect [9, [11] [12] [13] . According to Lenz's law, this magnetic field generates the induced currents in the remnant matter, which further produce the induced magnetic field that affects the relaxation time and electric conductivity of the medium, hence the decay of external magnetic field [14] [15] [16] [17] [18] [19] [20] . The presence of magnetic field may cause the modification of chiral condensates [21] [22] [23] [24] and this may further have impact on the properties of charmonium and bottomonium states [19, 20, [25] [26] [27] . In the future experiments such as compressed baryonic matter (CBM) of FAIR collaboration, Japan Proton Accelerator Research Complex (J-PARC) and Nuclotron-based Ion Collider Facility (NICA,)
significant observables are expected which may shed light on the medium modifications of charmonia and bottomonia in the presence of density, temperature and magnetic field [28] .
In order to explain QCD phase diagram in non-perturbative region, various phenomenological models are proposed on the basis of effective field theory namely Walecka model [29] , Nambu-Jona-Lasinio (NJL) model [30] , the Polyakov loop extended NJL (PNJL) model [31] [32] [33] , Quark-Meson Coupling (QMC) model [34] [35] [36] [37] [38] [39] , Polyakov Quark Meson (PQM) model [40, 41] , coupled channel approach [42] [43] [44] [45] , chiral SU(3) model [25, [46] [47] [48] [49] and QCD sum rules [50] [51] [52] [53] [54] [55] . These models incorporate the basic QCD properties such as trace anomaly and chiral symmetry. The Polyakov extended models [56, 57] and Functional Remormalization Group (FRG) [58, 59] techniques incorporates the thermal and quantum fluctuations near critical temperature region. Under these beyond mean field approximations, the critical point moves towards the larger chemical potential side [60, 61] . In the previous work, we have studied the magnetic field induced in-medium properties of lowest charmonium states J/ψ and η c using the QCDSR and shown that the mass-shift reflects the behaviour of gluon condensates which were incorporated from chiral SU(3) model [25] . In the present paper, we intend to investigate the effect of external magnetic field on P -wave charmonium as well as S and P -wave bottomonium states at finite temperature and density. In this article, non-perturbative mean field approximation is used, in which the contributions from the fluctuations is neglected. In this approximation, the contributions from pseudoscalar and axial vector meson is neglected as all meson fields are treated as classical fields [46, 47] . The chiral SU(3) model is used vastly to investigate the in-medium properties of light mesons in nuclear and hyperonic matter [49, 62, 63] . To study the in-medium properties of heavy D and B mesons, this model is also generalized to SU(4) and SU(5) respectively [47, 48, 64, 65] . In this model, the scalar and tensorial gluon condensates are extracted in terms of in-medium non-strange meson field σ, the strange scalar meson field ζ, the scalar isovector meson field δ, the vector meson field ω, the vector-isovector meson field ρ, and the dilaton field χ [46] .
On the other hand, QCDSR which is a non-perturbative approach to investigate the confining nature of strong interactions has also been used extensively to study the in-medium
properties of heavy mesons [20, 26, 49, 50, [53] [54] [55] [66] [67] [68] [69] . The open charm and bottomonium mesons have also been studied under the influence of strong magnetic field [19, 70, 71] .
The in-medium properties of charmonia and bottomonia have been studied extensively in the literature [2, 20, 25-27, 49, 67, 72-76] . Due to the interaction of gluon condensates in the hadronic medium, the quarkonia undergo significant modifications. The P -wave charmonia with modified mass and decay width decays into J/ψ and hence affect the production ratio N J/ψ /N χc in nuclear matter which further affects the suppression mechanism [74] . The medium modifications of masses and decay width of χ c0 and χ c1 mesons in hot gluonic matter as a function of temperature has been studied using QCD sum rules [2] . In this article, the authors have investigated the larger mass-shift and width broadening for P -wave than the lower charmonium states such as J/ψ and η c [49, 69] . In Ref. [27, 75] , using QCD second order stark effect, the in-medium properties of heavy charmonium states (ψ(3686) and ψ(3770)) has been studied in the nuclear matter and observed a significant mass-shift.
Also, in Ref. [20] , authors have studied the effect of magnetic field on the lowest charmonium states using QCD sum rules. Magnetic field induced mass mixing of J/ψ and η c has also been calculated under QCD sum rules approach [26] . The mass-shift of bottomonia is studied by the unification of QCDSR and Maximum Entropy Method (MEM) in Ref. [67] and calculted the bottomonia mass-spectra for different temperature. In Ref. [76] , authors have investigated the mass-splitting by studying the mixing of pseudoscalar and vector charmonia and bottomina in the cornell potential due to the background magnetic field.
The mass modifications of Upsilon Υ bottomonium state has been studied using the chiral SU(3) model in the magentized nuclear matter at zero temperature and observed that the magnetic field effects are more prominent in high density regime [73] .
The paper is organised as follows: In the next section, we will briefly describe the methodology to calculate the mass spectra of charmonia and bottomonia. In section III, we discuss the quantitative results of the present work and finally section IV is devoted to the conclusion.
II. FORMALISM
To study the effective mass of charmonium and bottomonium, we use the conjunction of QCDSR with chiral SU(3) model, which are the non-perturbative mechanism to study the confining nature of QCD [46, 50, 53, 55, 62] . In subsection A, we briefly explain how gluon condensated are extracted from Chiral SU(3) model. Borel sum rule and moment sum rule are explained in subsection B.
A. Gluon Condensates from Chiral SU (3) Model
To describe nucleon-nucleon interactions, we use an effective field theoretical approach which is based on the non-linear realization of chiral symmetry [77] [78] [79] and broken scale invariance [46, 47, 62] in the presence of external magnetic field at finite temperature and density. These interactions are expressed in terms of the scalar fields σ, ζ, δ, χ and vector fields ω and ρ in this model. The ρ and δ fields are incorporated to introduce the effect of isospin asymmetry in nuclear medium. Also, the dilaton χ field is introduced to incorporate the trace anomaly property of QCD [46] . The Lagrangian density of chiral SU(3) model under mean-field approximation is given as
In above, L kin represents the kinetic energy term, L vec produces the mass of vector mesons through the interactions with scalar fields and carries the self-interaction quartic terms, L M N is the meson-nucleon interaction term, where S and V represent the pseudoscalar and vector mesons, respectively. The in-medium mass of nucleons is given as m * i = −(g σi σ + g ζi ζ + g δi τ 3 δ). Here, g σi , g ζi and g δi represent the coupling strengths of nucleons (i=n, p) with σ, ζ and δ fields respectively and τ 3 is the third component of isospin. L SB describes the explicit chiral symmetry breaking, and L 0 describes the spontaneous chiral symmetry breaking.
The thermopotential Ω, per unit volume in zero magnetic field can be written as [25, 80 ]
where the sum runs over neutron and proton, γ i is spin degeneracy factor for nucleons,
2 are the effective nucleon chemical potential, and effective single particle energy of nucleons, respectively. Also, vacuum potential energy, V vac is subtracted from the thermopotential in order to get zero vacuum energy.
The Lagrangian density (Eq.(1)) in the presence of magnetic field modifies as
where
In above φ i is a wave function of i th nucleon, and the next term represents the interaction with the electromagnetic field tensor, F µν . Further, µ N and k i are the nuclear magneton and the anomalous magnetic moment of i th nucleon, respectively. In this article, the magnetic field is chosen to be uniform and along the Z-axis. We will discuss the interactions of uncharged and charged particle with uniform magnetic field in the following.
In the presence of uniform external magnetic field, the charged proton experiences Lorentz force, hence Landau quantization comes into picture. In this quantization, the transverse momenta of proton are confined to the closed loop namely Landau levels, ν, with, k
where ν ≥ 0 is a quantum number [81] . Thus, the integral transformation takes place as
dk , where k is the longitudinal momenta. Here, the summation represents a sum over the discrete Landau levels, ν = n + 
Under these modifications, the first term of thermopotential (Eq. (2)), for proton will be
On the other hand, there is no Landau quantization for an uncharged neutron in the presence of external magnetic field, therefore the integral [81] . But due to non-zero anomalous magnetic moment k n , the effective single particle energy of neutron gets modified asẼ
and hence, the first term of Eq.(2) for neutron, will be
The net thermopotential in the presence of uniform external magnetic field can be expressed as
By minimizing the thermopotential Ω/V with respect to the fields σ, ζ, δ, χ, ρ and ω, the corresponding coupled equations of motion of these fields are determined and given as
and
respectively.
In above, f K , f π and m K , m π are the decay constants and masses of K, π mesons, respectively and the additional parameters k 0 , k 2 and k 4 are fitted to reproduce the vacuum values of scalar σ, ζ and χ mesons and the remaining parameters, k 1 is selected to generate the effective mass of nucleon at nuclear saturation density (around 0.65m N ) and k 3 is constrained by η ′ and η masses. Furthermore, ρ v i and ρ s i represent the number/vector and scalar densities of i th nucleon respectively for magnetic/non-magnetic case [25, [83] [84] [85] . Also, the isospin asymmetry of the medium is defined through parameter η = (ρ
, and tensorial gluon operator
can be expressed within chiral SU(3) model in terms of scalar fields through following relation [49] G 0 = 8
respectively. The value of d has been taken from QCD beta function, β QCD at the one loop level [46] , with N f flavors and N c colors,
In the limit, quark mass term (second term) equals to zero, the scalar gluon condensate given by Eq. (14) gets modified as
B.
In-medium Mass of Heavy Quarkonia from QCD Sum Rule
In QCDSR, we use two approaches, i.e., Borel sum rules and moment sum rules. The moment sum rules are derived using the operator product expansion(OPE) method, which is a non perturbative technique to define the product of fields as a sum over the same fields to resolve the difficulties arising from perturbative effects [50] . Whereas, Borel sum rules are derived from Borel transformations and OPE. These transformations are standard mathematical technique to incorporate perturbative effects by summation of divergent asymptotic series [72] . The moment sum rule is a good tool to calculate heavy quark masses due to large separation scale, nevertheless, Borel sum rules has several merits, for example better OPE convergence.
The current-current correlation function of heavy quark currents is given by [53] 
with being the Gibbs average. In above, p = (E 0 , p), is four-momentum vector and symbol c represents the scalar (S), vector (V ), pseudoscalar (P ) and axial vector (A) mesons. These mesons currents are defined as j S =qq, j V µ =qγ µ q, j P =qγ 5 q and j
ν γ 5 q with q being the heavy quark operator.
Borel sum rule
We perform Borel transformation [72] 
At finite temperature and density of the medium, the correlation function can be expanded in term of dimensio-4 scalar gluon condensate and twist-2 gluon operator, whose
Borel transformation, using Eq.(19), will lead to
In above g = 4m 2 q /M 2 is a dimensionless scale parameter, where M is Borel Mass. Symbols
are Borel transformed Wilson coefficients and are given in
Ref. [72] . The first term is the leading order of OPE. The second term corresponds to the perturbative correction and rest two terms are associated with the medium modified scalar
and φ c = 4π
In above, e −s/M 2 is a exponential weight factor and s represents a continuum parameter.
In Eq. (23), ImΠ J (s) can be decomposed into pole and the continuum part as
with pole contribution under zero decay width approximation
where f 0 is a strength parameter. Finite decay width is important in deconfined medium, whereas in the present work, we investigated the modification of masses of charmonium and bottomonium in nuclear medium, which is confined in nature [72] . In Ref. [86] , using the zero width approximation, authors have studied the mass of light vector mesons ρ, ω and φ under finite temperature and density. The continuum contribution in Eq. (24) is defined in terms of a perturbative spectral function with a sharp threshold factor, i.e.,
where θ(s − s 0 ), is sharp threshold factor for the continuum, and the cut off parameter s 0 for the pole term is adjusted to reproduce the corresponding side of OPE andΠ J,pert (s) perturbative spectral function , for different meson currents [72] . Using Eq. (24) in (23), we
Differentiating both sides of above equation with respect to 1/M 2 and taking ratio with Eq.(27) itself (to eliminate f 0 from the pole term from Eq. (25)), we get 
Moment sum rule
The n th moment M J n , corresponds from the derivative of the correlation function, if one does not take the limit in Eq.(19), i.e.,
at a fixed
The in-medium mass-shift of quarkonium is given by
is the vacuum mass of mesons.
In the next section, we shall discuss the numerical results of present work.
III. NUMERICAL RESULTS AND DISCUSSIONS
The in-medium mass-shift of charmonia and bottomonia is calculated through two different QCDSR approach by using in-medium scalar gluon condensate G 0 , and tensorial gluon have divided this discussion in two subsection. In subsection A, we will discuss the inmedium behaviour of scalar fields σ, ζ, δ and χ as a function of external magnetic field eB.
The magnetic field induced gluon condensates and mass-shift of heavy quarkonia will be discussed in subsection B.
A. Scalar Fields σ, ζ, δ, and χ in Magnetized Hot Nuclear Matter
In the chiral SU(3) model, the effect of magnetic field comes into picture through the scalar density ρ This is due to the fact that at higher temperature chiral symmetry restoration comes into picture and the different magnetic field strength rectifies the critical temperature which is in accordance with (inverse) magnetic catalysis process [11] . In Figs.2 and 3 , we have plotted the scalar fields σ, ζ, δ and χ as a function of magnetic field eB/m 2 π at different temperature T , for nucleon density ρ N =ρ 0 (4ρ 0 ) and isospin asymmetry parameters η=0 and 0.5. In Fig.2 , for symmetric nuclear matter (η = 0), it is observed that the magnitude of σ and ζ fields decreases with the increase in magnetic field. The drop is more in case of high density as compared to low density. For example, for different values of temperature T , nucleon density ρ N and isospin asymmetry parameter, η. Considering the effects of isospin asymmetry in subplots (c),(d),(g) and (h), it is observed that at η=0.5 and ρ N =4ρ 0 , the magnitude of σ and ζ field decreases (same as of symmetric matter case) with respect to eB for temperature T =100 and 150 MeV, whereas it increase for low temperature such as T =0 and 50 MeV. This is due to the fact that in highly asymmetric matter, due to large number of neutrons, a significant difference in ρ s n and ρ s p is observed which results in opposite behaviour of fields in low temperature. Also, for the same η, the temperature effect on σ and ζ field become very less for high density with respect to magnetic field. The above behaviour is due to the competing effects between scalar densities ρ s n and ρ s p of neutron and proton as these densities have the temperature and magnetic field dependence [25, 49] .
In Fig.3 , the scalar fields δ and χ are plotted as a function of magnetic field. It is observed that in subplot (a)-(d), the magnitude of δ field increases with respect to magnetic field and it varies more appreciably in high density as compared to low density. For η=0, the non-zero value of δ field is observed due to the inequality ρ s n = ρ s p , as for finite magnetic field the Lorentz force effects comes into picture [25] , which acts on neutron and proton differently.
Further, if we move towards higher asymmetry, the temperature and magnetic field effects on δ field are more prominent. For example, at ρ N =4ρ 0 , eB=4m In subplot (e)-(h), the glueball field χ is plotted and it is noticed that for η=0, the magnitude of the dilaton field decrease with the increase in magnetic field. Here, the observed decrement is more in high density regime as compared to low density regime.
Furthermore, in pure neutron matter, the trend of χ field is exactly opposite as compared to symmetric medium for low temperature. For example, at η=0.5, ρ N =4ρ 0 and eB=4m B. In-medium gluon condensates and mass-shift of charmonia and bottomonia
In Fig.4 , We have plotted scalar and twist-2 gluon operator condensates with magnetic field for different values of nucleon density, temperature and isospin asymmetry . As can be seen from Eqs. (14) and (15), the scalar and tensorial condensate depends on the scalar fields and both of them strongly depends on χ field due to its fourth power dependence. Therefore, the behaviour of these condensates reflects the same functional dependence on magnetic field and other parameters as χ field does. In the present investigation, we get non-zero value of twist-2 gluon operator G 2 , as magnetic field breaks down the Lorentz symmetry by affecting the neutron and proton separately [25, 55] . In addition, in high density regime the variation of G 2 is almost negligible due to the presence of second term in Eq. (15) . It is observed that at high density the values of G 0 and G 2 decrease with the increase in magnetic field for symmetric nuclear matter, while it increase for T =0 and 50 MeV for η=0.5. (similar for ∆m Q 70 ). In addition, ρ N and temperature T are given in units of fm −3 and MeV respectively. These condensates are used as input in φ b and φ c to calculate the effective mass and hence, in-medium mass-shift of quarkonia from Borel and moment sum rule. In the former case, the threshold values s 0 is taken as to get the stability of the plot between effective mass with respect to Borel parameter M 2 and in this article, we have taken its value to be 12.25 and 114.91 GeV 2 for charmonia and bottomnia, respectively [72] . To understand the implications from the OPE side, in Figs. (5) and (6), we have plotted the OPE coefficients for
Borel sum rule with respect to Borel parameter. In Fig.5 , for P -wave charmonia, we observed for a particular value of medium parameters(eB, T, ρ N and η), the expansion coefficients of charmonia varies appreciably with Borel parameter. However, in Fig.6 , for same parameters, the bottomonia's expansion coefficients such as b(g)φ b and c(g)φ c are suppressed due to the term m 2 q present in the expression of φ b and φ c , as the mass of bottom quark is very large. From both sum rules, it is observed that the effective mass of the quarkonia, decreases with the increase in magnetic field, temperature, nucleon density and isospin asymmetry. The observed mass-shift of axial vector meson χ c1 is more than the scalar meson χ c0 . In Fig.7 , we have plotted the in-medium mass-shift(Borel sum rule) of χ c0 and χ c1 mesons as a function of magnetic field for different values of isospin asymmetry, temperature and nucleon density. In this figure, for η=0, we noticed that the in-medium negative mass-shift increases more with the increase in magnetic field. Considering the temperature effects, the magnitude of massshift is more at zero temperature for both nucleon densities. It decreases with the increase in temperature but follows the same functional dependence for magnetic field. For highly asymmetric nuclear matter, at ρ N =4ρ 0 , the magnitude of in-medium mass-shift decreases with the increase in magnetic field eB for T =0 and 50 MeV, whereas for T =100 and 150
MeV, the magnitude of mass-shift increases with the increase in magnetic field. The values of mass-shift of P -wave charmonia calculated from Borel sum rule at eB=3m proportional to gluon condensates G 0 and G 2 , respectively. In Fig.8 , we have compared the mass-shift of P -wave charmonia obtained from Borel sum rule as well as moment sum rule as a function of magnetic field and for fixed value of nucleon density, temperature and isospin asymmetry parameter. For moment sum rule, following our previous work for J/ψ and η c mesons [25] , in this article we work with ξ = 2.5, since the Wilson coefficients for heavy quarkonia are larger than the S-wave [2] . We found that the magnitude of observed mass-shift of quarkonia is less for Borel sum rule as compared to moment sum rule. For In Figs.9 and 10, we have plotted the in-medium magnetic field induced mass shift of bottomonia with respect to magnetic field using Borel sum rule. In Fig.9 , the mass-shift of pseudoscalar meson η b and vector meson Υ is plotted, whereas in Fig.10 , scalar meson χ b 0 and pseudovector meson χ b 1 is plotted. The mass-shift of bottomonia follows the same trend as for charmonia for different medium parameters. However, we found that the effect of medium characteristics on the mass of bottomonia is very less as compared to charmonia's mass. This is due to the presence of square mass term in Eqs. (21) and (22) Entropy Method(MEM)has been applied to study the thermal effects on bottomonia at zero magnetic field [67] . In this article, the authors have studied the dissociation of excited state of bottomonia at lower temperature than of ground state. In the next section, we will now conclude our present work.
IV. CONCLUSIONS
In the present investigation, we calculated the mass-shift of P -wave charmonium and S and P -wave bottomonium. It is noticed that the magnetic field induced mass-shift of P -wave charmonia are more prominent than S-wave charmonia [25] , whereas the change in the mass-shift is very less for bottomonia. To calculate the effective mass, we have used the unified approach of chiral SU(3) model and QCDSR. In the former, the medium effects are calculated in terms of σ, ζ, δ and χ mesonic fields which are used further to calculate the in-medium scalar and tensorial gluon condensates. Using these gluon condensates as input in the QCDSR, the mass-shift of χ c0 , χ c1 , η b , Υ, χ b0 and χ b1 mesons have been calculated.
The temperature and magnetic field effects are introduced through the scalar density ρ s i , and vector density ρ v i , of the i th nucleons [25] . Also, we have introduced the effect of isospin asymmetry by the incorporation of δ and ρ fields which are solved along with other mesonic fields through the coupled equations of motion. Within QCDSR, we use two different sum rules approaches ,i.e., Borel sum rule and moment sum rule. In this article, we have observed that from both sum rules, the effective mass of these mesons decreases with the increase in magnetic field and nucleon density. The magnitude of in-medium mass-shift increases with the increase in magnetic field for all temperatures except for pure neutron matter, where it increases for high temperature but decreases for low temperature. Also, the decrease of in-medium mass-shift of above mesons is more in case of high-density regime than low density. However, the magnitude of mass-shift observed from both the sum rules is different.
We observe less magnitude of mass-shift in Borel sum rule than in moment sum rule. The calculated mass-shift can be used to study the in-medium decay of higher quarkonium states [2, 87] to lower quarkonium states for a better understanding of J/ψ suppression. This decay width can also be used to calculate the experimental observables like in-medium cross-section [88] in asymmetric heavy ion collision experiments.
